Interface between magnetic metal and insulator has been attractive for a long time in material physics. In particular, the interface of Fe/MgO or its family play a key role in the magnetic tunnel junction for the development of magnetoresistive random access memory (MRAM), being used in the typical high performance system of Fe/MgO/Fe junctions.
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These devices, currently driven by the mechanism of spin transfer torque, 5, 6 require a large ratio of tunnel magnetoresistances for MRAM applications.
Surprisingly, such interface has been also investigated for development of the possible MRAM which works with electric-field (EF) magnetization reversal mechanism. Such multifunctional interface has a lot of interesting physical properties and potential applications for magnetic and magnonic devices. 7 Its unique magnetic characteristic, perpendicular magnetic anisotropy, voltage/spin-current controlled magnetic anisotropy, also unique spin structure with voltage controlled Dzyaloshinskii-Moriya interaction. 8 These features are promising for information technology device, especially for high density and low power consumption data storage.
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In solid state physics, the two dimensional electronic structures originated by the van Hove singularity (vHS) of band theory has provided us many interesting physics as well as those of other (one and three) dimensional properties; in carbon nanotubes the optical transition between the vHS states, 10 the high-T c H x S superconductors, etc. 11 In the works for development of the devices, the family of Fe/MgO interfaces has been used as a kernel technological element. They have showed a strong perpendicular magnetic anisotropy for the thin Fe layer without any heavy element. 12, 13 The multi-functional properties, mentioned in the previous paragraphs, are mostly originated from the electronic structure. In such system, the interface resonance state (IRS) has been discussed in the several works. 14 These states are consequences of the band formation consisting of non-bonding orbitals on the interface.
Although such character has been observed as interesting characteristics, the van Hove's singularity(vHS) has never been pointed out so far in terms of orbital components at the interface.
In recent improvement of computational performance allows us to estimate the magnetic anisotropy or its EF effect precisely and numerically. 15, 16 Such improvement contributes not only to physical and qualitative explanations in the property of magnetic anisotropy, but also to semi-quantitative agreements. In particular, the slope in the EF variation has been proved to have a realistic meaning, when compared with the experimental results. On the magnetic anisotropy energy (MAE) itself, the comparison with experiment has a distance from explaining the experimental measurements with a quantitative agreement.
The experimental progresses on the interface magnetic anisotropy in the thin films give us a fascinating opportunity on a direct comparison between the theoretical and experimental approaches.
This work was devoted to the discussions on electronic, magnetic, and structural properties of Fe/MgO(001), as a reinvestigation in the view point of two dimensional vHS. We obtained remarkable Fe-thickness dependences of MAE, implying a picture of non-rigid band filling in the IRS. Such result can be discussed in terms of electronic band theory, compared with the available experimental data. In the comparison, we also discuss the computational accuracy on MAE within the current state-of-the-art for density functional theory (DFT).
In order to investigate the interface of Fe/MgO, we consider a slab system, vacuum (0.79 nm)/Cr(w ML)/Fe (x ML)/MgO (5 ML)/vacuum (0.79 nm) (ML=atomic monolayer), in the computation (Fig. 1 ). The atoms are specified by number as Cr (1) 18,19 The in-plane lattice constant extracted from bulk Cr was employed. The thickness of Fe thin layer (x) was varied from 1 ML until 10 ML, while that of Cr (w) was kept at w = 6. The latter thickness is enough to give an constant MAE within an accuracy of 0.1mJ/m 2 for a given Fe thickness.
We carried out first-principles density functional calculations, which employ fully relativistic (with spin-orbit interaction) and scalar-relativistic (without spin-orbit interaction) Ultrasoft pseudopotentials and planewave basis, 20, 21 by using the generalized gradient approximation. 22 The MAE originated from spin-orbit interaction (SOI) was estimated thickness (right-hand side in Fig. 1 ). We used the 32 × 32 × 1 mesh in k point sampling 23 in MAE estimation. 24 Using the scalar-relativistic level computation, in which taking a 24 × 24 × 1 k-mesh, we induced structural relaxation while keeping both the in-plane lattice constant and the atomic coordinates of O(3). The MAE from the shape anisotropy was estimated using the magnetostatic dipole interaction (MDI) and assuming the atomic magnetic moments.
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We report the thickness dependence of MAE(SOI) in At Fe 5ML our value agrees well with the experimental value. away from E F , not disturbing at E F . The latter has been well known as one of important origins for realizing perpendicular anisotropy. 13 This is because the orbital d 3z 2 −r 2 always contributes only to in-plane magnetic anisotropy, assuming that the contribution from the majority spin state can be neglected due to a large exchange splitting. 27 The MAE maximum is proportional to T xy,xy (k) ∼ e ik·R {3t(ddσ) + 2t(ddπ) + 4t(ddδ)}/9, and is not negligible because the absolute of transfer integral can reach to about 0.1 eV. 27 Indeed, comparing the band dispersions between odd and even Fe MLs, the behaviors of d xy component are much different, in particular, around theX point in 2DBZ at E F . The shape anisotropy is realistically important for determining the whole magnetic anisotrpy. When we compare our MAE(SOI) with those from measurements, the shape anisotropy needs to be estimated precisely. Here, we estimated the shape anisotropy energy, MAE(SA), in two ways; from the MDI 25 using the theoretical atomic magnetic moments and the estimation (−µ 0 M 2 s /2) using the experimental saturation magnetization (M s ). 26 In the former, the 3MLs of Cr attached to the Fe layer were also taken into account. Figure 5 reports the total MAE, namely summation of MAE(SOI) and MAE(SA), in comparison with the available experimental data. This figure shows a good agreement with the experiment.
As shown at the inset in Fig. 5 , the experimental MAE(SA) is much reduced in absolute, compared with the theoretical one, and gets a better agreement with the experiment on the total MAE.
In the theoretical approach we obtained the magnetic dead layer (MDL) with 0.053 nm thick at most, while the experiment clearly showed the MDL with 0.1 nm thick. 26 The theoretical magnetization is larger than the experimental one by about 25 % at the Fe 5 ML, as shown in the supplemental material (see Fig. S2 ). These differences could be ascribed materials design in the multi-functional interfaces through underlayer.
